Self-dimerizations of twenty three aromatic carboxylate and sulfonate ions from their electrophoretic mobilities in aqueous solution were estimated by capillary zone electrophoresis (CZE). The magnitudes of the self-dimerizations ascribed to π-π interactions of these aromatic anions were determined by CZE as dimerization constants (KD). Although the largest KD value of 1.2 dm 3 mol -1 for 9-anthracenecarboxylate ion (9-AC) in these aromatic anions was found, almost all of the KD values were zero, or near to zero. It was found that the π-π interactions of the aromatic anions were relatively small at zero ionic strength, in which the contribution of an ionic association between the cation and aromatic anions could be excluded from the KD values, since the contribution of the electric repulsion between the aromatic anions on the KD values was large. The relatively large KD value of 9-AC caused that it electro-migrates as its planar shape, and has an anthracene ring of a largely hydrophobic aromatic ring.
Introduction
It is well known that aromatic rings of aromatic compounds produce stacking of π-π interaction themselves. There are only some reports concerning the π-π interaction of aromatic ions, which have a negative electric charge, not neutral, in aqueous solutions. [1] [2] [3] [4] [5] [6] [7] It has been reported that 1-pyrenesulfonic acid (1-PS) formed its dimer ascribed to the π-π interaction themselves in aqueous solution by 1 H NMR. 1 Its dimerization constant (KD) was 22 dm 3 mol -1 . The KD value might be relatively large, in spite of an electric repulsion between 1-PS ions having an electric charge of -1. It has also been reported that the KD values of 2-anthraquinonesulfonate (2-AQS), benzenecarboxylic acid (BC), and benzene in water at 25˚C, calculated from conductivity data, were 89.7, 0.6, and 0.4, respectively, where the KD values of BC and benzene were calculated from thermodynamic data in the reference. 2 It was concluded that effect of stacking or a hydrophobic interaction would be larger than that of a hydrogen-bonding interaction upon the dimerizations of 2-AQS and BC, in spite of having some hydrogen-bonding sites for the self-associations of 2-AQS and BC. The self-associations of 2-AQS, 2,6-anthraquinonedisulfonate (2,6-AQDS), and 2,7-anthraquinonedisulfonate (2,7-AQDS) in a water-ethylene glycol 1:1 mixture at 77 K from phosphorescence spectra have been reported. 3 It was shown that these self-associations were relatively strong.
Adsorptions of dimeric 2-anthracenesulfonate, monomeric 1-anthracenesulfonate and 1,5-anthracenedisulfonate from aqueous solution onto positively charged colloidal alumina-coated silica particles at 24˚C from photochemical data have been also reported. 4 An observation that the dimerizations of 1-anthracenesulfonate and 1,5-anthracenedisulfonate did not occur was found.
The stacking interactions of 1-naphthalenesulfonate (1-NS) and 2-naphthalenesulfonate around poly(allylammonium) cation have also been reported. 5 The stacking interaction of 1-NS was smaller than that of 2-naphthalenesulfonate. It was concluded that the stacking interaction was influenced according to the orientation of the sulfonate group on the aromatic ring. Benzenesulfonate (BS) did not produce dimerization on the polymer cation. 6 Its derivative p-ethylbenzenesulfonate, which had larger hydrophobic interaction than BS, produced dimerization. It was concluded that the stacking interaction increased due to the neutralization of electric charge by ionic association and the hydrophobic interaction. It has been also reported that the dimerization of BC was greatly influenced by the hydrophobic interaction of benzene rings in aqueous solution from conductance measurements. 7 Therefore, the dimerization of the aromatic ion ascribed to the π-π interaction in aqueous solution would depend on a balance between the hydrophobic aromatic ring and the hydrophilic electrically-charged ion in the aromatic ion. Accordingly, when the magnitudes of the dimerizations for some aromatic ions could be determined, the balance between the hydrophobic and hydrophilic interactions in the aromatic ion could be found. Furthermore, the hydrophobicity of the aromatic ring that the π-π interaction could overcome the electrical repulsion between two like ions might be expected.
The π-π interaction of the aromatic rings for electromigration of the aromatic ion in capillary zone electrophoresis (CZE) has not yet been considered, although it has been reported that the π-π interaction might contribute to the separation of transitionmetal ions precomplexed with bathophenanthroline disulfonic acid. 8 The π-π interacion might have influence on the electromigration of the aromatic ion as an analyte. It has been reported that some aromatic carboxylate ions migrated as a planar form in a capillary, compared to some aromatic sulfonate ions. 9 This observation suggests that the planar aromatic carboxylate ions would produce the π-π interaction between these aromatic rings in the electro-migration in CZE. Therefore, a capillary electrophoretic determination of the KD values for some aromatic carboxylate and sulfonate anions in an aqueous solution was investigated.
Experimental

Apparatus
Measurements were carried out on a CAPI-3200 instrument (Otsuka Electro., Osaka, Japan), equipped with a UV-visible absorbance detector, and an autosampler in a thermostated room. A 500-mm long (378 mm to detector cell), 75-μm i.d. fused silica capillary (GL Science, Tokyo) was used. All experiments were performed at 25˚C. Sample injection was carried out in the hydrodynamic mode, while keeping the capillary end at 25 mm height for 60 s. The applied voltage used was 20 kV. Analytes were monitored at 220 nm.
Chemicals
Analytes whose protons were completely dissociated at above pH 7 were chosen. The analytes are summarized in Table 1 . All reagents used were as obtained. The background electrolyte solutions (BGEs) at pH 7.2 were prepared from disodium hydrogen phosphate (Wako, Osaka, Japan) and sodium dihydrogen phosphate (Wako). Nitromethane (Nacalai Tesque, Kyoto, Japan) was used as a marker of electroosmotic flow (EOF), as described later.
Procedure
The capillary was first conditioned with 0.1 mol dm -3 KOH for 2 min. It was automatically washed with water for 2 min and rinsed with the BGE for 10 min between runs. In all cases, the analyte and the 1 × 10 -3 mol dm -3 EOF marker dissolved in the BGE at pH 7.2 as a sample were used. All solutions were filtrated through a 0.45-μm PTFE filter (Advantec, Tokyo). The μepa values were obtained from the equation μepa = ldlt(t -1 -t0 -1 )V -1 , where μepa, ld, lt, t, t0, and V are the apparent electrophoretic mobility, the capillary length to detector, the total capillary length, the migration time of analyte, the EOF time, and the applied voltage, respectively. 10
Results and Discussion
Choice of EOF marker Generally, it is considered that the magnitudes of the π-π interaction between the aromatic anions of the same negatively electrical charge ascribed to the stacking interaction would be small. Therefore, nitromethane as an EOF marker was chosen to make as small as possible the interaction between the EOF marker and the analyte anions, because it can be detected by direct UV absorbance, has no protons to produce a hydrogenbonding interaction with the analyte anions, and has no aromatic rings to produce the stacking interaction. Furthermore, since it is very water-soluble, it is considered that it has the smallest hydrophobic interaction with the analyte ions among generally well-using EOF markers, such as acetophenone and ethanol. These points mean that it has fewer interactions, such as hydrophobic and hydrogen-bonding interactions, with the aromatic analyte anions than the other EOF markers.
Choice of probe analytes
Twenty three aromatic anions that have benzene, naphthalene, anthracene, anthraquinone, and pyrene rings were chosen to investigate the dimerization ascribed to the π-π interaction. These aromatic anions are water-soluble and completely protondissociated at above pH 7. To avoid forming the dimer, themselves, ascribed to the hydrogen-bonding between these protonated aromatic anions, BGEs at pH 7.2 were chosen.
Determination of dimerization constants
It is known that the electrophoretic mobility (μep) depends on the ionic strength (I). Generally, the μep value is described as μep = μep0 -AI 1/2 , where μep0 and A are the electrophoretic mobility at infinite dilution and the Onsager slope, respectively. 11, 12 The μep0 values at zero ionic strength of BGE are obtained from y-intercept of μep vs. I 1/2 plots by the least- ; F, 7.5 × 10 -5 mol dm -3 BCS.
squares method. 11 Therefore, first, the μepa values of the analyte anions in the BGEs of various ionic strengths were observed. Figure 1 shows typical dependencies of μepa of BCS on the ionic strengths of BGEs at pH 7.2. Since all of the plots of the aromatic anions used showed good linearity in the range from 0.05 to 0.15 mol 1/2 dm -3/2 for I 1/2 , the y-intercept μep0 was calculated from the least-squares method. The μep value is also described as μep = μep0 -AI 1/2 /(1 + 2.4I 1/2 ) by the Pitts treatment, in the case of an ion with a highly electrical charge. 11 The Pitts equation was not used, because the equation could be simplified to μep = μep0 -AI 1/2 , since the μepa vs. I 1/2 plots in Fig. 1 were good linearity. Generally, the magnitude of the μep value decreases with increasing the ionic strength of BGE. 11 However, the magnitude of the μepa value slightly increased with increasing the ionic strength of BGE. The magnitude of the slope in a 7.5 × 10 -5 mol dm -3 BCS was larger than that in a smaller 1.0 × 10 -5 mol dm -3 BCS. These results mean that BCS forms its dimer itself, and that concentration of the dimeric BCS increased with increasing the ionic strength of BGE, because the magnitude of the electrophoretic mobility for the dimeric BCS would be larger than that for the monomeric BCS. Accordingly, the value of y-intercept as μep0 at the zero ionic strength of BGE was used. Reasonable μep0 values of the aromatic anions at zero ionic strength of BGE were obtained.
Second, the electrophoretic mobilities of monomers of the aromatic anions at the zero ionic strength of BGE were obtained. Figure 2 shows typical dependencies of μep0 at the zero ionic strength of BGE on the total concentrations of the aromatic anions (CA). A magnitude of μep0 increased with increasing the concentration of 2-AQS. This shows to form a dimer of 2-AQS with increasing the concentration of 2-AQS, because the magnitude of μep for the dimeric 2-AQS, which has -2 of formally electric charge, would be larger than that for the monomeric 2-AQS, which has -1 of formally electric charge. When the concentration of 2-AQS is zero, the μep0 value is obtained as the electrophoretic mobility, μepm, of the monomeric 2-AQS. Therefore, the y-intercept of μep0 vs. concentration of aromatic anion plots was calculated by the least-squares method. All of the plots showed good linearity. The μepm values are summarized in Table 2 . The magnitudes of μepm values for BC (-2.90 × 10 -4 cm 2 V -1 s -1 ), 1,2-BDC (-4.72), BS (-3.46), and 2-AQS (-2.27) were smaller than those of μep0 values for BC (-3.43), 1,2-BDC (-5.43), BS (-3.54) , and 2-AQS (-2.71) in reference, 11 respectively. Since the μep0 values depend on a kind of BGE, such as cation and anion, 11 all of the reasonable μepm values of the aromatic anions used would be obtained, where a different cation or buffer was used as BGE. In cases of almost all the aromatic anions, such as 1,8-AQDS and 1,2-BDC, the magnitudes of μep0 were constant, even when those concentrations were increased.
These correlation coefficients r 2 were significantly less than 0.9. This shows that those aromatic anions did not form the dimer themselves. In other words, since these KD values were significantly smaller than the error values of the KD values, these KD values would be meaningless. Therefore, the KD values of these aromatic anions are described as zero in Table 2 . Since this shows that the electric repulsion between the aromatic anions was stronger than these π-π interactions, themselves, it is reasonable.
Third, the KD value is described by
The μep0 is described by
where μepd is an electrophoretic mobility of the dimeric species. Also, CA is described by
The KD values were very small, as shown later. Therefore, since
These Eqs. (1), (2), and (4) Eq. (5):
The KD value could be calculated from the slope and the yintercept of (μepm -μep0) -1 vs. CA -1 plots of Eq. (5). Typical B-H plots are shown in Fig. 3 . All of the plots showed good linearity. The calculated KD values are summarized along with the μepd values in Table 2 . Since the magnitudes of the μepd values were larger than those of the μepm, the μepd values would be reasonable. It is considered that the μepd values would largely depend on the shapes of the dimers. Almost all of the KD values of the aromatic anions were zero, or near to zero. Even in cases of PDTS and BCS, which have some aromatic rings, the KD values were zero and near zero. The KD value of 1.2 dm 3 mol -1 for only 9-AC, which has an anthracene ring, was obtained. Furthermore, in the case of 1-PS, which has a pyrene ring, the KD value was zero. Since the concentration regions of the aromatic anions using measurements of μepa were 0 to 10 -4 mol dm -3 , the concentration to form these dimers themselves might be too small. This is considered from the fact that although the KD value of 1-PS was zero in this work, it was 22 dm 3 mol -1 in the concentration range above 0.040 mol dm -3 . 1 However, if these aromatic anions were largely dissolved in the BGE, the contribution of the ionic association of cation (sodium ion) of BGE with the aromatic anions to the μepa values of the aromatic anions could not be neglected. Therefore, the large KD values of 1-PS in a reference 1 would include the contributions from both the ionic association and the π-π interaction. In CZE as a method to obtain the KD values, although the observing KD values would be limited, the KD values would be truly ascribed to the π-π interaction between the aromatic rings. Consequently, it was found that contribution of only the π-π interaction to the μepa values for the aromatic anions in the aqueous solution was very small. It was found that only the 9-AC that electro-migrates as its planar shape, 9 and has a relatively largely hydrophobic anthracene ring, produced the dimer ascribed to the π-π interaction, even in its small concentration region.
Conclusions
The dimerization constants of aromatic anions in aqueous solution ascribed to the π-π interaction and the electrophoretic mobilities for the dimers of the aromatic anions were determined by CZE. The KD values at zero ionic strength were very small, since the electric repulsion between the aromatic anions was produced, because the negatively electric charges of the aromatic anions were not neutralized by the ionic association of cations in the BGE. The largest KD value was 1.2 dm 3 mol -1 for 9-AC. The aromatic carboxylate ions, which have a largely hydrophobic aromatic ring and a planar shape, overcame the electric repulsion, themselves, causing the formation of the dimer by the self-association ascribed to the π-π interaction.
